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a b s t r a c t
Virus tropism is a result of interactions between virus, host and vector species, and determines the fate
of an infection. In this study, we examined the infection process of Citrus tristeza virus (CTV) in
susceptible and resistant species, and found that the tropism of CTV is not simply phloem limited, but
tissue speciﬁc. In resistant species, virus infection was not prevented, but mostly restricted to the roots.
This phenomenon was also observed after partial replacement of genes of one CTV strain from another,
despite both parental strains being capable of systemic infection. Finally, the roots remained susceptible
in the absence of viral gene products needed for systemic infection of shoots. Our results suggest that all
phloem cells within a plant are not equally susceptible and that changes in host or virus may produce a
novel tropism: restriction by the host to a location where further virus spread is prevented.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The fate of a virus infection relies on two interrelated processes,
viral tropism, the cell types within a host that become infected,
and viral movement, the means by which the virus moves
between infected and uninfected cells. Both processes rely on
the precise interaction of virus- and host-speciﬁc factors (Johnson
and Huber, 2002; Marsh and Helenius, 2006), the absence of
which prevents or limits the progress of an infection.
In animals, tropism is determined by recognition between the
virus and speciﬁc cell-surface receptors for entry (Dimitrov, 2004)
and the availability of host enyzmes and proteins to allow
replication and assembly (Yuh and Ting, 1993). These viruses
may be pantropic (Tashiro et al., 1988), infecting many cell types
or, more commonly, limited to speciﬁc cell types (Yuh and Ting,
1993). In contrast, plant viruses are confronted with arguably
fewer cell types than animal viruses, as all plant organs are
comprised of three basic tissues: dermal tissue, vascular xylem
and phloem tissue, and ground tissue which includes photosyn-
thetic parenchyma, supporting collenchyma, and structural scler-
enchyma cells. Tropism is a term that is rarely applied to plant
viruses as most, if the criteria for animal viruses were applied,
would be classiﬁed as pantropic; capable of infecting a combina-
tion of mesophyll and vascular parenchyma, cambium, vascular
phloem, and epidermal cells, the latter being the point of entry for
many insect transmitted viruses (Carrington et al., 1996). Less
frequently infected are seed embryos, pollen, or cells of the apical
meristem (Esau, 1967). More rarely, plant viruses infect few cell
types, such as only epidermal and meristem tissue with no
systemic movement (Bastianel et al., 2010), or are limited to
phloem-associated cells. The latter tropism is generally under-
stood to be a restriction of virus exit from the vascular system
(Leisner et al., 1993; Carrington et al., 1996; Morra and Petty, 2000)
rather than limitation of permissiveness, the ability to replicate in
a cell, because even though they do not infect mesophyll tissue of
intact plants, and indeed have no need to do so as they are
transmitted by phloem-feeding Hemipterans (Peter et al., 2009),
many phloem limited viruses have been shown to replicate in
mesophyll protoplasts (Barker and Harrison, 1982; Albiach-Marti
et al., 2004). Additionally, some have been shown to spread
beyond the phloem into mesophyll cells when complemented
with mesophyll infecting viruses (Carr and Kim, 1983).
Inextricably linked with tropism is virus movement, the ability
to move from infected to uninfected cells. In plants, this occurs by
two distinct mechanisms: cell-to-cell and long-distance move-
ment. In the former, virally encoded movement proteins interact
with host structures to transit intercellular channels, such as
plasmodesmata, to effect the transfer of viral RNA, replication
complexes or intact virions (Oparka and Turgeon, 1999; Morra and
Petty, 2000; Kawakami et al., 2004). Whereas animal viruses use a
myriad of mechanisms to move between cells, including exocy-
tosis of enveloped virions, transit of adherens junctions, fusion of
infected and uninfected cells, or transfer via actin microvilli
(Johnson and Huber, 2002), plant virus cell-to-cell movement
mechanisms focus solely on transit through plasmodesmata
(Schoelz et al., 2011) as plant viruses have easier, though not
unimpeded, access to neighboring cells due to symplastic con-
tinuity between neighboring cells of different function (Oparka
and Turgeon, 1999; Morra and Petty, 2000), and thus rarely need
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to cross the membrane. Requirements for long-distance move-
ment in plants on the other hand, are less well understood. In long
distance movement, viruses enter the phloem sieve elements,
which, despite being discrete cells, essentially form a continuous
pathway for the movement of carbohydrates throughout the plant.
The virus is then translocated some distance, which may be
anywhere between a few cells to several meters, followed by the
virus exiting the sieve element into a companion or phloem
parenchyma cell; this may be considered analogous to animal
virus movement through the nervous or circulatory system. Exit
from the phloem can in turn be followed by limited or extensive
cell-to-cell movement (Leisner et al., 1993; Carrington et al., 1996;
Peter et al., 2009). In the case of phloem-limited viruses, there is
limited cell-to-cell movement following long-distance movement
(Carrington et al., 1996); the virus rarely moves beyond a small
cluster of cells making up the phloem parenchyma (Folimonova
et al., 2008).
Systemic infection of a host requires that cells be both suscep-
tible, in that the virus is able to transit any physical barriers present
and enter the cell, and permissive, supporting virus replication.
Plants can restrict or prevent one or both processes, resulting in
resistance. Long-distance movement mechanisms are a frequent
target of host resistance, preventing the systemic spread of the
virus, though not cell-to-cell (Fuentes and Hamilton, 1993; Derrick
and Barker, 1997); even in non-host species, it is common to ﬁnd
that viruses can infect and move within inoculated leaves (Holmes,
1938). In contrast, virus replication is rarely prohibited despite RNA
silencing being ubiquitous as a defense mechanism in plants
(Waterhouse et al., 2001), and it has often been observed that
viruses can replicate and assemble in protoplasts of resistant species
in which they cannot systemically infect (Sulzinski and Zaitlin,
1982; Albiach-Marti et al., 2004).
One virus–host system in which the infection process is poorly
understood is Citrus tristeza virus (CTV) in citrus and citrus
relatives of the family Rutaceae (Moreno et al., 2008). This large
positive-sense ssRNA virus exhibits a phloem-limited tropism, that
unlike more well-examined viruses, moves primarily by long-
distance movement with only limited cell-to-cell movement,
infecting only a portion of phloem-associated cells. Host species,
however, have considerable inﬂuence on the extent of CTV infec-
tion. In the more susceptible hosts, long-distance movement with
limited cell-to-cell movement is observed, resulting in infection
clusters consisting of 10–15 phloem cells, whilst in less susceptible
hosts, the efﬁcacy of long-distance movement is reduced and
almost no cell-to-cell movement is observed, resulting in the
infection of only scattered single cells (Folimonova et al., 2008).
To infect a host, CTV requires the quintuple gene block common to
all closteroviruses (Satyanarayana et al., 2000), and the presence of
the three virally-encoded suppressors of silencing, p25, p20 and
p23 (Lu et al., 2004; Tatineni et al., 2011), the latter suggesting that
host RNAi processes restrict virus movement. In addition, CTV
possesses three genes, p33, p13 and p18, which are not needed for
infection of more susceptible hosts, but were proposed to have
been acquired by the virus to extend its host range as they are
required for systemic infection of select species (Tatineni et al.,
2011), and by inference appeared to be additional gene products
necessary for virus movement.
Within the Rutaceae, there are numerous species that have
been reported to be resistant to CTV, including Poncirus trifoliata,
Severinia buxifolia, Atalantia ceylanica, and hybrids thereof
(Garnsey et al., 1987; Yoshida, 1996). Additionally, some commer-
cial citrus cultivar and rootstock species have been shown to be
differential, supporting the infection of speciﬁc CTV strains whilst
excluding others (Garnsey et al., 1996; Harper et al., 2010). Most of
these species were assessed as resistant on the basis of failure
to detect infection in ﬂush tissue of shoots after experimental
inoculation (Garnsey et al., 1987; Yoshida, 1996). Yet, this assumes
that the ability of a virus to infect is uniform throughout all host
tissues. While the phloem tissue network extends throughout all
the major organs of a plant, individual cells are likely responding
to positional clues from their neighbors and have different gene
expression proﬁles, and potentially, physical properties (Sjolund,
1997; Oparka and Santa, 2000).
In this study we discovered that the tropism of CTV in citrus is
not simply phloem limited, but tissue or organ speciﬁc, and that
the same biological phenomena, differential infection of roots and
shoots, may be achieved under markedly different circumstances.
We found that roots of what were considered resistant hosts could
be infected at a level comparable to that of known susceptible
species, despite an inability to infect shoot tissue. This was found
to be strain-speciﬁc, as some isolates were capable of systemic
infection of a given host, whilst others were limited to the roots,
suggesting host-speciﬁc adaptation of CTV strains and hence,
genes. Infection of roots but not shoots was also observed in this
study in hosts that, while not known to be resistant, had
previously been shown to be differentially susceptible to different
strains (Garnsey et al., 1996; Weng et al., 2010). Partial replace-
ment of genes of one strain from another was not found to
overcome tropism limitations but instead reduced infectivity,
limiting one hybrid to the roots whereas both parental strains
were capable of systemic infection, suggesting that the infection
process requires the interaction of co-evolved proteins. Finally, we
found that the roots of citrus hosts remained susceptible to
infection in the absence of viral gene products needed for infection
of shoots (Tatineni et al., 2011). These data cumulatively indicate
that the roots of citrus are more susceptible to infection than
shoots, and each provides a window into the infection process of
CTV and the interaction between virus and host.
Table 1
Primers used for the real-time RT-qPCR ampliﬁcation and quantiﬁcation of CTV isolates in this study. CTV primer locations are as per the T36 and T68 references sequences
given in Harper (2013).
Primer/probe Orientation Sequence (50-30) Location Notes
Common RT Reverse  GCAAACATCTCGACTCAACTACC 10885–10907 Antisense primer for all strains
T36-RT-F þ ACCTCGGACAAGCGGGTGAATT 10817–10838 T36 sense primer
T36-RT-Probe þ 6-FAM-AGCAACCGGCTGATCGATTGATT-BHQ1 10839–10861 T36 strain-speciﬁc probe
T68-RT-F þ CGATGGTCAAGCGGACGACTT 10780–10800 T68 sense primer
T68-RT-Probe þ 6-FAM-AGCGACAGGCTGATGGTTTGTTCA-BHQ1 10839–10862 T68 strain-speciﬁc probe
ACTB-F þ GTTGCCATTGGTTGGTATTTGATAC N/A ACTB reference gene
ACTB-R  CGTCGACTGCCATTCCAGAT N/A
ACTB-Probe þ 6-FAM-TGGTCGATGATTTGTCCGATTCACA-BHQ1 N/A
GAPDH-F þ TGGCGACCAAAGGCTACTC N/A GAPDH reference gene
GAPDH-R  TTGCCGCACCAGTTGATG N/A
GAPDH-Probe þ 6-FAM-TGCTAGCCACCGTGACCTCAGG-BHQ1 N/A
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Results
Infection of roots compared to shoots
Using four strains of CTV endemic to Florida, we inoculated a
gradient of known susceptible plants including alemow, sweet orange,
grapefruit, and sour orange, and then examined virus distribution in
ﬂush and root tissue by ELISA. All four susceptible species were
capable of supporting infection by T36, T68, T30, and VT isolates in
both shoot and root tissue and, in general, the ELISA absorbance values
of each of the individual isolates were comparable within each species
(Table 2). In contrast to Folimonova et al. (2008), ELISA only indicated a
markedly lower titer in sour orange, the other three hosts were
comparable. We also examined the ability of these four isolates to
infect trifoliate orange, a host resistant to most CTV strains (Garnsey
et al., 1987; Harper et al., 2010). None of the isolates tested were found
to be present in trifoliate orange shoots by ELISA, although, surpris-
ingly, both T68 and VT were detected in the roots (Table 2).
CTV infects roots of differential hosts
We next examined the infection of two hosts, ‘Sun Chu Sha’
mandarin ‘Swingle’ citrumelo that do not exhibit the general resis-
tance to CTV of trifoliate orange, yet have been reported to be
differential, and resistant to only one or two strains of CTV. Sun Chu
Sha mandarin is resistant to T36, but allows normal systemic infection
by T30, VT, and T68 isolates (Weng et al., 2010), while Swingle
citrumelo inhibits the infection of T30-like isolates (Garnsey et al.,
1996). Here we observed that T68 and VT were found to infect both
roots and shoots of Swingle citrumelo, while neither T36 nor T30 were
detected in shoot tissue, but were present in root samples. The
phenomenon of differential root–shoot infection was also observed
in Sun Chu Sha mandarin, in which T68, T30, and VT were present in
the shoots, yet T36 was only detected in the roots by ELISA (Table 2),
demonstrating that differential infection of roots and shoots was not
limited to the resistant hosts with Poncirus genes. These data
cumulatively suggest that the roots of CTV-resistant citrus, irrespective
of the source or phenotype of that resistance, remain susceptible to
infection by isolates that cannot otherwise be detected by ELISA in the
shoots, albeit in a strain-speciﬁc manner.
The root–shoot differential
To further investigate the root–shoot differential observed
above, the distribution of virus in plants was examined in greater
detail. Samples were taken from above and below the soil level
from two host-virus combinations in which differential infection
had been observed, T36 in Sun Shu Sha mandarin, and T30 in
Swingle citrumelo. ELISA of these samples revealed that in both
hosts, no virus was detectable in shoots, even in stem tissues
10 cm above the soil level (Fig. 1). However, virus was present at
high titers in the taproot and secondary adventitious roots of both
species. The complete lack of virus detection by ELISA, rather than
a decreasing concentration gradient above the soil level, suggests
that virus movement or infection was prevented in shoot and stem
tissue, yet not the tap or secondary roots.
To examine this phenomenon further, we performed strain-
speciﬁc real-time RT-qPCR to quantify differences in differential
infection of root and shoot tissues. During this process we
found that the VT and T30 isolates were mixtures of more than
one strain, and excluded them from further analyses. In
CTV-susceptible grapefruit and sour orange, T36 and T68 were
broadly comparable, and both strains accumulated to high levels in
both roots and shoots (Fig. 2). Between susceptible and resistant
hosts, however, differences in average titer were more evident,
with T36 present at a concentration approximately 10 times lower
in the roots of Sun Chu Sha mandarin than in susceptible grape-
fruit and sour orange; T36 was also present at trace levels in the
shoots of the former species (Fig. 2). This may be compared to T68
which infected Sun Chu Sha mandarin roots at titers not signiﬁ-
cantly different from susceptible grapefruit and sour orange,
although virus titer was found to be signiﬁcantly (F(1,8)¼23.06,
p¼0.001) higher in the roots of this host than in the shoots (Tukey
HSD, po0.05), a phenomenon not observed in susceptible grape-
fruit or sour orange (Fig. 2). T68 was also found at a similar titer in
trifoliate orange roots, (F(1,8)¼0.62, p¼0.46) yet was not detected
in the shoots (Fig. 2). Cumulatively, these data suggest that, in
plants expressing resistance to CTV, the roots are much more
permissive of viral infection than shoots.
Gene substitution affects tropism
We next examined whether substitution of genes from T68 into
T36 could overcome the root–shoot differential observed in select
species. To this end, we utilized three T36–T68 30 replacement
hybrids, H1 through H3 (Folimonova et al., 2010), to inoculate Sun
Chu Sha mandarin and Swingle citrumelo, as these two species
show root–shoot differential for T36 but not T68, and compared
the infection of these to susceptible Alemow and sour orange.
Testing by ELISA 12 weeks after inoculation showed that none of
Table 2
ELISA screening of CTV isolates against an array of susceptible and resistant host species at 12–16 weeks post-inoculation. Positive ELISA results, relative to the healthy
controls, are indicated in bold.
Host Location Healthy control T36 T68 T30 VT
Alemow
Shoot ﬂush 0.1070.03 1.7670.33 2.5170.86 2.2770.41 0.8270.30
Root 0.3070.00 1.3570.21 1.7170.50 1.1570.28 2.3670.00
Sweet orange
Shoot ﬂush 0.1070.01 0.7270.36 2.1470.57 2.2870.42 2.3470.27
Root 0.1270.02 0.8270.08 1.9070.37 0.6670.00 2.7770.14
Grapefruit
Shoot ﬂush 0.1570.01 2.1570.00 2.5670.36 1.5370.54 1.3970.51
Root 0.1770.02 1.8670.00 2.1070.48 1.0070.00 1.2070.51
Sour orange
Shoot ﬂush 0.1670.05 0.7870.13 1.0870.15 1.4170.82 1.5570.80
Root 0.1670.01 1.7870.00 1.4170.91 – 1.3270.50
Sun Chu Sha mandarin
Shoot ﬂush 0.1470.01 0.2270.05 0.3570.11 0.9370.52 1.0970.86
Root 0.1570.02 1.6870.81 0.6670.38 – 3.6970.15
Swingle citrumelo
Shoot ﬂush 0.1570.01 0.0670.00 0.8670.16 0.3070.46 1.6770.80
Root 0.1570.01 0.5870.27 1.1170.00 1.7970.91 2.4671.08
Trifoliate orange
Shoot ﬂush 0.1570.01 0.1470.01 0.0770.02 0.0670.01 0.0870.01
Root 0.1470.01 0.2470.01 1.9670.82 0.2970.18 1.0670.52
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the hybrids showed an increase in infectivity in Swingle citrumelo
or Sun Shu Cha mandarin (Table 3). In the former the three hybrids
remained, as per the T36 parent, in the roots. In Sun Chu Sha
mandarin however, infection was prevented for all three hybrids,
with no virus presence in either root or shoot. This result was
surprising given that both parental sequences are at least capable
of infecting root tissue of this host (Table 2).
A reduction in infectivity was observed in susceptible species,
in which of the two hybrids, H2 and H3, which substitute partial
p18–p23 and partial p20–p23 from T68 respectively, infected each
host at a similar titer and distribution to the wild-type parental
isolates (described in Table 2), while hybrid H1, which substitutes
partial p27 (minor coat protein) to p23 from T68, lost the ability
to infect the shoots of sour orange, while still being able to infect
Fig. 1. Distribution of CTV isolates T36 and T30 in the differential citrus hosts, Sun Chu Sha mandarin and Swingle Citrumelo, above and below the soil level as indicated by
ELISA absorbance values. Positive ELISA results are indicated in bold.
Fig. 2. A comparison of the relative quantiﬁcation of isolates T36 and T68, in gray and white respectively, in the shoots and roots of susceptible, differential, and resistant
citrus species, as determined by real-time RT-qPCR at 12–16 weeks post-inoculation.
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roots (Table 3). These data suggest that infection requires interac-
tion between compatible viral proteins.
Detection and localization of deletion mutants
The infection process of CTV may also be studied by examining
the effect of the absence, rather than presence, of speciﬁc genes.
Previous research demonstrated that three genes, p33, p18 and
p13, are not required for the infection of some hosts, but are
required, in various combinations, to infect select members of its
host range (Tatineni et al., 2011). Ability to infect was however,
assessed only in shoot tissue. Therefore, in light of the differential
infection of roots but not shoots by different strains of CTV
described above, we examined the ability of the two deletion
mutants, Δp33-GFP and Δp33Δp13Δp18, that have been shown
to be incapable of systemically infecting shoots of sour orange and
grapefruit respectively (Tatineni et al., 2011), to infect roots of
these species.
We found that both deletion mutants were comparable to the
wild type T36 isolate in their ability to infect Alemow and sweet
orange shoots and roots (Table 4), and in the case of Δp33-GFP,
grapefruit as well. An examination of the ﬂuorescence of Δp33-
GFP revealed no differences in size or intensity of infected cell
clusters when compared to full length T36-GFP in these species
(data not shown). However, using both ELISA and an examination
of GFP ﬂuorescence we did ﬁnd, that Δp33 was capable of
infecting the roots of sour orange but not infecting shoots
(Table 4). The extent of infection, as determined by numbers of
cells expressing GFP ﬂuorescence, was comparable in the roots
between Δp33 and the full-length GFP clone (Fig. 3). In the shoots
by contrast, Δp33 was absent and could not be detected visually
(Fig. 3) or by ELISA, either in the ﬂush (Table 4) or stem tissue
above soil level (data not shown). This result demonstrates that
whatever the requirement for the p33 protein in sour orange
shoots, it is not required to infect the roots.
The triple deletion mutant, Δp33Δp13Δp18, failed to infect
grapefruit shoots (Table 4), as reported by Tatineni et al. (2011),
but was capable of differential infection and accumulation in the
roots of grapefruit (Table 4). Again, no virus was detected in the
ﬂush (Table 4) or stem tissue above the soil level (data not shown).
As withΔp33, here we observed that requirements for infection of
roots were less than that of shoots. Roots of grapefruit and sour
orange behaved like the more susceptible hosts in requiring none
of the three deleted genes.
Discussion
Using CTV as a model system for the study of infection
processes, we discovered that the tropism of CTV in different
citrus species is not simply phloem limited, but organ speciﬁc, and
that this biological phenomenon, differential infection of roots and
shoots, occurs under markedly different circumstances. First, we
observed that differential Sun Chu Sha mandarin, and resistant
trifoliate orange, were indeed susceptible to CTV infection, albeit
an infection often restricted to the root tissues. This was a
surprising ﬁnding as previous research by Catoni et al. (2009) in
tomato suggested that while transcriptional response to viral
infection varied between tissues, the ability to infect did not, thus
it was assumed here that resistance would be uniform throughout
a host. Differential infection of roots and not shoots was also
observed using viral mutants in normally susceptible species. The
deletion mutants Δp33 and Δp33Δp13Δp18 were found in the
roots of sour orange and grapefruit respectively; hosts that they
cannot systemically infect (Tatineni et al., 2011). A hybrid of strains
of T36 and T68 (H1) lost the ability to infect sour orange shoots,
but not roots, which was interesting given that the two parental
strains were both capable of infecting roots and shoots of this
species. In each situation, mutation of the virus prevented infec-
tion of shoots, whilst retaining the capacity to infect roots,
suggesting that the latter are more susceptible to viral infection.
Prior to this study it was assumed that there were no signiﬁcant
differences between the viral infection of different sink tissues within
a single plant, nor, for CTV, which is a phloem-limited virus with
Table 3
ELISA screening of CTV T36–T68 hybrids against an array of susceptible and
differential host species at 12 weeks post-inoculation. Positive ELISA results are
indicated in bold, and control isolate values are given in Table 2. Hybrids are
described in Folimonova et al. (2010).
Host Location Hybrid 1
(partial
p27–p23)
Hybrid 2
(partial
p18–p23)
Hybrid 3
(partial
p20–p23)
Alemow
Shoot ﬂush 1.7971.00 1.1570.03 1.0370.29
Root 1.0970.07 0.5370.07 0.9770.07
Sour orange
Shoot ﬂush 0.1370.08 0.8570.40 2.9870.74
Root 0.8570.51 0.7770.25 1.9970.22
Sun Chu Sha mandarin
Shoot ﬂush 0.1270.00 0.1370.00 0.1570.03
Root 0.1470.00 0.1570.03 0.1370.00
Swingle citrumelo
Shoot ﬂush 0.1870.03 0.1870.00 0.2670.09
Root 1.3670.00 0.6370.09 1.1570.46
Table 4
ELISA detection and GFP ﬂuorescence screening of CTV deletion mutants against an array of susceptible and resistant host species at 12 weeks post-inoculation, compared to
full-length T36-GFP. Control isolate values are given in Table 2.
Host Location T36-GFP Δp33 Δp33Δp13Δp18
ELISA GFP ELISA GFP ELISA GFP
Alemow Shoot ﬂush 1.7670.33 þ 1.5370.00 þ 2.6870.15 N/A
Root 1.3570.21 þ 1.0870.40 þ 1.4970.31 N/A
Sweet orange Shoot ﬂush 0.7270.36 þ 2.8870.28 þ 0.4670.06 N/A
Root 0.8270.08 þ 3.2070.06 þ 0.6070.16 N/A
Grapefruit Shoot ﬂush 2.1570.00 þ 0.9870.21 þ 0.1870.03 N/A
Root 1.8670.00 þ 2.0070.49 þ 0.8870.12 N/A
Sour orange Shoot ﬂush 0.7870.13 þ 0.1370.02  0.1270.00 N/A
Root 1.7870.00 þ 1.6870.32 þ 0.1270.00 N/A
Trifoliate orange Shoot ﬂush 0.1470.01  0.1770.02  0.1170.01 N/A
Root 0.2470.01  0.1170.04  0.1070.02 N/A
S.J. Harper et al. / Virology 460-461 (2014) 91–99 95
a highly restricted cellular tropism, were there known differences in
susceptibility between the phloem of roots and shoot ﬂush. One may
propose that there are physiological differences in root phloem that
increase susceptibility, and indeed larger and more abundant plas-
modesmata have been described in the roots of non-citrus species
(Warmbrodt, 1985; Ma and Peterson, 2001). Yet, this alone cannot
explain why the roots of trifoliate orange, for example, are suscep-
tible to some CTV strains and not to others. Here we observed that
frequent infection of roots in the absence of infection of the shoots
was dependent on virus strain, or the presence or absence of speciﬁc
viral proteins, which would argue the infection of the shoots is
governed by speciﬁc host–pathogen protein–protein interactions,
and that these requirements are reduced in the roots.
In either plants or animals, the interaction between virus and
host proteins determines whether an infection will proceed;
absence or mutation of a required protein can reduce or even
prevent infection from occurring (Dimitrov, 2004). While CTV
needs only the ORF1 and the 50 and 30 NTR sequences to replicate
in protoplasts (Satyanarayana et al., 1999), to infect even the most
susceptible host species the virus requires that the quintuple gene
block and virally-encoded suppressors of silencing also be present
(Satyanarayana et al., 2000, 2001; Tatineni et al., 2011). CTV also
encodes three additional genes, p33, p18, and p13, different
combinations of which are required for infection of speciﬁc species
(Tatineni et al., 2011). It has been speculated that the virus
acquired these additional genes over the course of its evolutionary
history to expand its host range (Tatineni et al., 2011). The function
of these gene products remains unknown, as they are not needed
for replication in these hosts (Satyanarayana et al., 1999; Albiach-
Marti et al., 2004), it was deduced that they were needed for the
movement process.
All host species examined, be they susceptible, selective, or
resistant, are able to be infected by at least one CTV strain to some
degree. This would suggest that there are core mechanisms
common to all hosts that support stages of the CTV infection
process, such as the ability to replicate in protoplasts (Albiach-
Marti et al., 2004). The hosts differ however, in their susceptibility
to CTV. Folimonova et al. (2008) reported that the frequency and
size of infected cell clusters decreases markedly from alemow, in
which 10–12 infected cells are readily observed, to sour orange, in
which scattered clusters of 1–2 cells were observed. What is
notable is the number of phloem cells that do not become infected
even in readily susceptible species, a proportion that was observed
in this study and others (Folimonova et al., 2008), to increase as
susceptibility to CTV decreased. This gradient extended to the
differential hosts Sun Chu Sha mandarin and Swingle citrumelo, in
which low virus titer suggested that very few cells were infected,
and reached its extreme in resistant trifoliate orange shoots in
which virus was undetectable. This would suggest, given that CTV
readily replicates in protoplasts, that the ability to move and enter
cells is restricted by the host.
The precise mechanism by which CTV moves and transits cell
barriers remains unknown, although it likely involves the con-
certed action of putative cell-localizing and movement proteins
(Tatineni et al., 2008, 2011), as well as suppressors of silencing
(Fagoaga et al., 2011). From our data, however, we may propose a
common theme in which the loss of ability to infect results from
the absence of an adapted virus gene product, or gene products,
necessary to precisely interact with host proteins or structures.
For the deletion mutants and hybrids the inability to infect
otherwise susceptible hosts resulted from missing or non-coe-
volved, and hence nonfunctional, gene products. The strain-
speciﬁc inability of wild-type isolates to infect the differential or
resistant species suggests that in these hosts the interaction is
much more precise, requiring speciﬁc motifs or variants to func-
tion. The latter hosts also express complex polygenic resistance
mechanisms (Gmitter et al., 1996; Yang et al., 2003). Therefore,
it may also be proposed that strain-speciﬁc motifs or mutations
evolved to avoid interaction with host-recognition proteins that
activate defense responses (Ren et al., 2000), to increase (Toth
et al., 2002) or decrease the efﬁcacy of movement-related proteins
(Wang et al., 1998), or alter the efﬁcacy of suppressors of RNA
silencing (Torres-Barcelo et al., 2010). We must also point out that
in susceptible species, CTV is not pushing against an open door, far
from it. Viral proteins for the suppression of host defenses such as
silencing are essential even in readily susceptible alemow and,
even then, a proportion of the viral load is degraded during
replication as evidenced by the production of abundant siRNAs
(Harper, 2013).
In contrast, the major ﬁnding in this study that deletion
mutants, hybrids, and different strains of CTV are able to infect
the roots of hosts in which they cannot infect shoots argues that
the requirements for infection, and hence the infection process,
are not uniform throughout an individual plant. For example,
the Δp33 deletion mutant was found to enter, replicate, and
accumulate in both primary taproot and secondary adventitious
Fig. 3. The localization and extent of infection of full length T36–GFP (A) compared to Δp33 T36-GFP and (B) in the shoots and roots of sour orange plants at three months
post-inoculation, as indicated by GFP expression in infected cells.
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root phloem of sour orange at similar levels to wild-type isolates,
whilst being undetectable by ELISA or GFP microscopy above the
soil level; this suggests that whatever the function for p33 in the
shoots, it is not needed in the roots. Similarly, we observed that
T36 was restricted to the roots of Sun Chu Sha mandarin and
Swingle citrumelo, while T68 infected the roots and shoots of
both, suggesting that whatever the polymorphisms needed for
shoot infection, they are not needed for root infection. Curiously,
hybrids of the two strains lost the ability to infect even roots
of Sun Chu Sha mandarin, suggesting that infectivity in this host
is dependent on the concerted action of compatible proteins.
We have observed, however, a gradient of susceptibility in the
roots, rather than uniform susceptibility to all isolates and/or
deletion mutants, that is strain and host speciﬁc. For example
T36 cannot infect resistant trifoliate orange, T68-1 is restricted to
the roots, while a third strain not examined in this study has been
shown to systemically infect both roots and shoots of this species
(Harper et al., 2010).
We can only speculate as to why the roots are more susceptible
to infection than the shoots. If phloem tissue physiology is not
signiﬁcantly different between root and shoot, changes in host
gene expression and defenses are the most likely candidates.
Changes in host gene expression between different plant tissues
are common, with expression altered in response to stimuli
(Walter et al., 2002; Wang et al., 2003), and in response to signals
from neighboring cells, which can determine cell identity, activa-
tion of systemic resistance, cell growth, and cell maturation (Gilroy
and Trewavas, 2001). It is possible that expression of antiviral
defense and resistance mechanisms may be very different in the
roots as compared to the shoots (Andika et al., 2013), despite being
physically the same cell type. One defense mechanism that is
down-regulated in the roots is RNA silencing, which has been
reported to be signiﬁcantly lower in Nicotiana benthamiana roots
than shoots (Andika et al., 2005); if this phenomenon is common,
it may explain the elevated virus titer observed in the roots,
relative to the shoots, in citrus and non-citrus species (Pico et al.,
2005; Gosalvez-Bernal et al., 2008). However, a reduction in
suppression should in theory permit any strain to infect; this does
not appear to be the case in resistant citrus species, suggesting
that other factors, such as interaction between viral movement
and host proteins, are required for infection. It should also be
noted that a change in silencing activity cannot explain the root–
shoot differential of deletion mutants in select hosts, as they are
neither involved in replication nor are they suppressors of silen-
cing. Finally, one can only speculate as to why defenses are down-
regulated in speciﬁc tissues; perhaps down-regulating resistance
mechanisms, in tissues away from the point of entry of the virus
(Manabayeva et al., 2013), provides a selective advantage in
avoiding the costs of constitutive expression (Diaz-Pendon et al.,
2004; Heil, 2010).
The corollary of changes in host gene expression is change in
the requirements for, and activity of, viral proteins. Tissue-speciﬁc
requirements for viral proteins have been reported previously
(Martin-Hernandez and Baulcombe, 2008; Peter et al., 2009). For
example, Manabayeva et al. (2013) reported that in N. benthamiana
Tomato bushy stunt virus requires the coat protein for infection of
shoots, but not roots, while the opposite was true of P19, a
suppressor of silencing, and here we have shown that p33 is
needed in shoots but not roots of sour orange. Finally, it may also
be that the activity or efﬁcacy of speciﬁc viral proteins is greater in
the roots than in shoot or ﬂush tissue. Andika et al. (2012)
reported that the cysteine-rich P14 and 16K proteins of Beet
necrotic yellow vein virus and Tobacco rattle virus respectively
showed no silencing suppression in N. benthamiana leaves, but
were effective in the roots and were found to enhance the
accumulation of Potato virus X RNAs in root tissues (Andika et al.,
2012). In citrus, it may be proposed that one or both of the CTV-
encoded suppressors of silencing, p20 and p23, behave in a similar
manner. Both proteins are essential for replication and infection of
citrus (Satyanarayana et al., 2000; Tatineni et al., 2008), and
ectopic expression of the latter has been shown to enhance the
infectivity of T36 and permit limited further spread of the virus
beyond the normal phloem-associated cells (Fagoaga et al., 2011).
The tropism of a virus is the result of adaptation of the viral
genome under selective pressure from both host and vector
species; adaptation to one or few cell types often precludes
successful infection of other tissue. Nowhere in plant virology is
this more evident than in the study of phloem limited viruses,
whose genomes have either lost or never had the ability to infect
mesophyll tissue (Morra and Petty, 2000), or as in the case of
Potato leafroll virus (PLRV), encode proteins that restrict the virus
to the phloem cells (Peter et al., 2009). This is directly related to
the feeding mode of their invertebrate vectors, primarily phloem-
feeding Hemipterans, which, while known to probe mesophyll and
other tissue, perform deep feeding only in phloem cells where
they acquire and transmit these viruses (Peter et al., 2009). Phloem
limited viruses are, for the most part, transmitted in a semi-
persistent or circulative manner (Gray and Gildow, 2003), which is
indicative of adaptation to speciﬁc vector species, and also
accumulate to a lower titer than viruses with a less effective
means of horizontal transmission (Froissart et al., 2010). It is likely
therefore, that there is strong selective pressure to retain a
minimum transmissible level of virus in tissues accessible to
vector species, hence determining tropism. Where then, does this
leave those isolates unable to systemically infect shoots? While
these data suggest that the roots are more susceptible or permis-
sible to infection through potential differences in physiology, virus
host–protein interaction, and/or expression of host defenses, for
the virus this is a potentially fatal outcome. What we have
described in this study then, is a novel form of viral tropism,
restriction of the virus by the host to a subset of susceptible cells,
in a location where further virus spread cannot occur.
Materials and methods
Inoculation of citrus species
To examine the movement and distribution of CTV isolates in
different host species, ﬁve six-month old seedlings of CTV suscep-
tible species Citrus macrophylla Alemow, Citrus sinensis cv. ‘Madam
Vinous’ sweet orange, Citrus paradisi cv. ‘Duncan’ grapefruit, Citrus
aurantium ‘California Standard’ sour orange, and the resistant
species Poncirus. trifoliata cv. ‘Rubidoux’ trifoliate orange were
each graft-inoculated with CTV isolates T36, T30, VT and T68-1.
These isolates were also inoculated into two species reported to be
differential and selective for speciﬁc CTV strains (Garnsey et al.,
1996; Weng et al., 2010), Citrus reticulata cv. ‘Sun Chu Sha’
mandarin and C. paradisi P. trifoliata cv. ‘Swingle’ citrumelo.
Grafts were checked for survival at three weeks post-inoculation,
and the seedlings pruned to promote the production of new ﬂush
growth. All plants were maintained in greenhouse conditions
throughout the course of the experiment.
As initial results indicated differential infection by these two
genotypes, this phenomenon was further investigated using two
mutant forms of CTV, hybrids of the T36 and T68 genotypes
(Folimonova et al., 2010) and gene-deletion mutants (Tatineni
et al., 2008). To examine the effect of hybrid genomes on infection
and virus distribution, we used three T36–T68 hybrids developed
by Folimonova et al. (2010), H1: substituting partial p27–p23
from T68 into the T36 genome, H2: partial p18–p23, and H3:
partial p20–p23. The three hybrids were graft-inoculated into
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C. macrophylla Alemow, C. aurantium ‘California Standard’ sour
orange, C. reticulata cv. ‘Sun Chu Sha’ mandarin and C. paradisi P.
trifoliata cv. ‘Swingle’ citrumelo, and plants maintained as
described above.
We also compared a GFP-expressing full length T36 infectious
clone in comparison to two T36-based gene deletion clones,
Δp33-GFP and Δp33Δp13Δp18 (it should be noted here that
theΔp33Δp13Δp18-GFP clone reported by Tatineni et al. (2011) is
no longer viable), which have previously been shown to be unable
to systemically infect sour orange and grapefruit respectively
(Tatineni et al., 2011). Five seedlings each of the species C.
macrophylla Alemow, C. sinensis cv. ‘Madam Vinous’ sweet orange,
C. paradisi cv. ‘Duncan’ grapefruit, C. aurantium ‘California Stan-
dard’ sour orange, and P. trifoliata cv. ‘Rubidoux’ trifoliate orange
were inoculated with each deletion or GFP-containing mutant, and
plants maintained as described above.
Detection of CTV present in citrus tissues
All inoculated plants were screened for CTV presence and
distribution at twelve to sixteen weeks post inoculation, due to
differences in the rate of ﬂush production, by collecting 300 mg
samples of tissue from the roots (taproot and secondary roots),
and young ﬂush stem and leaf growth from the top of the seedling.
In some cases, a more detailed series of samples were taken
individually from ﬂush (leaf midribs and bark of young stems),
bark tissue just above the soil level, bark of the taproot just below
the soil level, and a representative sample of secondary roots.
Tissues were homogenized in a 1:10 dilution of 1 PBST (3.2 mM
Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, 0.05% Tween
20, pH 7.4.) using a Kleco bead homogenizer. Detection of CTV was
conducted in triplicate by ELISA using anti-CTV polyclonal anti-
bodies (Agdia Inc., Elkhart, IN); samples with an OD450 of greater
than two times negative control, plus the standard deviation, were
considered to be positive.
Localization of CTV-GFP with ﬂuorescence microscopy
To conﬁrm virus localization visually, 10–15 mm tissue samples
were excised from the young ﬂush bark and lower taproot and
secondary roots of full-length T36-GFP and Δp33-GFP inoculated
plants at twelve to sixteen weeks post-inoculation and examined
for ﬂuorescence using a Zeiss Stemi SV 11 UV ﬂuorescence
dissecting microscope (Carl Zeiss Jena GmbH., Jena, Germany).
Multiple samples were taken from around the stem and roots of
each plant to ensure even coverage and account for uneven
distribution of CTV. Images were captured using an Olympus
Q-color 5 camera (Olympus USA, Melville, NY) using QCapture
Pro 7.0 software (QImaging, Burnaby, BC, Canada). To examine the
number of ﬂuorescent cells in a cluster, selected samples were
then cut into 310 mm strips and set in OCT compound (Miles
Diagnostics, Elkhart, IN) on dry ice, and 30 mm thick radial sections
produced on a cryo-microtome (Harris Manufacturing Co., North
Billerica, MA). Sections were mounted on glass slides in 20 ml of
Fluoromount-G (SouthernBiotech, Birmingham, AL). These were
then examined using a Leica TCS-SL confocal microscope (Leica
Microsystems, Wetzlar, Germany).
Quantiﬁcation of CTV in root and shoot tissues
To examine the difference in virus titer between roots and
shoots for the T36 and T68-1 isolates indicated by ELISA, real-time
RT-qPCR was used to quantify relative viral load in grapefruit, sour
orange, mandarin, and trifoliate orange against two reference
genes, ACTB and GAPDH, that are stably expressed in most citrus
species and relatives (data not shown). 100 mg root and shoot
tissue samples were collected and total RNA extracted using
Trizols reagent (Invitrogen, Carlsbad, CA) as per the manufac-
turer's instructions; all extracts were diluted 1:10 to reduce the
effect of inhibitory substances present in the extract prior to
ampliﬁcation. For ampliﬁcation of both CTV and reference genes
Superscript™ III Platinums One-Step qRT-PCR kit (Invitrogen) was
used with 200 nM each of sense and antisense primers (Table 1),
50 nM of strain-speciﬁc 6-FAM/BHQ-1 labeled Taqman probe
(Table 1), additional MgSO4 to a ﬁnal concentration of 6 mM,
and 2 μl of total RNA in a reaction volume of 10 μl. Cycling
conditions were as follows: 50 1C for 5 min, 94 1C for 2 min, then
40 cycles of 94 1C for 10 s and 60 1C for 40 s. All samples were
tested in technical replicates of three.
Raw reaction data was examined using LinRegPCR version
2013.0 (Ruijter et al., 2009; Tuomi et al., 2010). Baselines and
thresholds were applied, estimated efﬁciencies calculated and Ct
values corrected for differences in reaction efﬁciency (data not
shown). Ct values were averaged for each sample replicate to
reduce the likelihood of overestimating within-sample variation
prior to calculating relative quantiﬁcation (RQ) values using the
2ΔΔCt method (Livak and Schmittgen, 2001) against the geo-
metric mean of the corrected Ct values of the two reference genes.
Raw RQ values were log-transformed (base 10) to normalize the
non-parametric derived data and averaged for each host tissue and
virus combination for analysis. Differences between treatments
were examined by one-way analysis of variance, and followed by
Tukey's post-hoc test.
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